Though Hastelloy
An exception to the above observation is found in material fractured at high temperatures where the ductility is recovered (see Fig. 1 ).
In this case, the alloy has recrystallized and the grain boundaries are free of precipitate.
The various grain boundary morphologies on extraction replicas appear to have the same crystallography as the blocky %C-type precipitates with a.lattice parameter of about 11.02 A, determined by x-ray and electron diffraction. X-ray diffraction from bulk extraction residues containing both the primary and grain boundary precipitates shows only the single parameter.
. Table 2 lists the intensities from these precipitates.
Precipitate Analysis
Analysis of the large carbides in the bulk material by conventional microprobe techniques reveals that they are quite complex and contain about 34% Ni, 55% Mo, 5% Cr, 2.5% Si, 1.7% or more C, plus minor amounts of iron and manganese.
Although the nominal molybdenum concentration in 'the alloy is 16$~, microprobe analysis shows that-only 12% is present in the matrix.
The matrix also exhibits a considerable depletion of silicon containing about 0.3% rather than the 0.6% present in the bulk alloy. Figure 5 is an extraction replica from Hastelloy N aged 4 hr at 870°C following an 1180°C anneal. Table 2 .
Effect of Composition on Precipitation
The effect of molybdenum concentration on precipitation was evaluated since microprobe analysis indicated that only 12% was present in the bulk alloy.
Several laboratory melts containing the nominal 7% Cr, 4% Fe, and 0.06% C with 10, 12, 16, and 20% Db were prepared.
Figure 8 shows that the precipitates were present only when the molybdenum concentration was above 12%. X-ray diffraction of extraction residues from an alloy containing 12% MO, 7% Cr, 4% Fe, 0.06% C, and 0.5% Si reveals that b,C is again present as a strong phase, in addition to the M&C-type carbides.
Exposure of this material to very high annealing temperatures results in the formation of the high-temperature grain boundary and lamellar phases, as seen in Fig. 9 .
3.51 However, the precipitate present on the replica was quite thin and its appearance, as shown in Fig. 12 , indicated attack by the electrolyte.
We subsequently prepared an extraction replica from the fracture surface of a specimen of air-melted stock which had been annealed at 1260°C and fractured at 870°C in argon.
The fracture surface contained a large amount of various morphologies of precipitate of the MgC type, as shown in Fig. 13, indicating that the grain boundary precipitate may be responsible for the reduction in the'high-temperature ductility after annealing at 1260°C (Fig. 1 --(9) have found that silicon enhances the formation and stability of sigma phase in several Ni-Cr-Mo alloys. Cracking appears to initiate in weld fusion zones containing the transformed product. As mentioned previously, these areas are enriched in silicon.
Thus, the formation of the high-temperature phase is associated with increased embrittlement. The rupture ductility is quite sensitive to heat treatments which promote the formation of the high-temperature phase. Although the phase is not observed at the lowest annealing temperatures showing low ductility in Fig. 2 , it is reasonable that changes are occurring on a microscale which could severely embrittle the material. We have shown that the grainboundary fracture surface contains massive amounts of precipitate after fracturing a specimen at 870°C subsequent to a 1260°C anneal and that at least one morphology is severely attacked by the 10% HClalcohol electrolyte.
This attack would not be expected if the phase.were a carbide.
We also have observed electrolyte attack on the high-temperature phase.
We are not able to propose a specific mechanism to explain the decreased elevated temperature ductility in this very complex alloy but have found that silicon affects the ductility in a deleterious manner. Several possibilities could be cited to explain this effect but the mechanism is probably a complex combination of several effects.
A phase formed at high temperatures present in the grain boundaries is surely a contributing factor to the increased embrittlement. This could be mechanically brittle, affect the grain-boundary surface'energy and crack propagation, or the composition of areas adjacent to the boundaries. We have found that cold work following a 1260°C anneal results in recovery of the ductility, which would support any of the above possibilities. We have found that, on,testing at 87O"C, material annealed at 1180°C has good ductility with a recrystallized microstructure whereas material annealed at. 1260°C has very low ductility without any recrystallization (Fig. 4) .
This would suggest that after the higher temperature .anneals,, cracksnucleate and grow before normal deformation processes begin, which would result in premature failure without recrystallization, whereas for material annealed at 1180°C the grain boundaries are able to deform to relieve stress doncentrations and allow additional matrix deformation to premit recrystallization (see Fig. 4 It was originally present to allow the chromium to be charged as ferrochrome.
The trend in vacuum melting seems to be to not make any intentional iron addition. .'"r . N. The exposed (dark) areas on the emulsion show that activity emanates from matrix adjacent to the phase, indicating that the phase is not a carbide.
ANTE emulsion, 312 hr exposure. 1000x.
